The effect of native oxide on ion-sputtering-induced nanostructure formation on GaSb surfaces We have investigated the influence of native oxides on ion-sputtering-induced nanostructure formation on GaSb using in situ low energy ion scattering spectroscopy (LEISS) and X-ray photoelectron spectroscopy (XPS). Comparing an oxygen-free sample with a native oxide sample, LEISS and XPS reveal the effect of oxygen in generating higher surface Ga fractions during early stages (fluences of 1 Â 10 15 -1 Â 10 16 cm
À2
) of low energy (<100 eV) Arþ irradiation. Enhanced surface Ga and Ga 2 O 3 fractions were also observed on "oxide free" samples exposed to air following irradiation. The results suggest preferential Ga oxidation and segregation on the top of the amorphous layer if oxygen is present on the surface. In addition, the native oxide also increases the fluence threshold for nanopatterning of GaSb surfaces by almost a factor of four during low energy irradiation. Ion beam irradiation on III-V semiconductors has led to various nanostructures of different shapes, sizes, and aspect ratios. [1] [2] [3] [4] As an example, irradiation of GaSb (100) samples with argon ions at normal incidence and energy on the order of 100 eV results in the formation of high-aspect ratio nanopillars 5 that grow as the irradiation fluence increases. Several experimental and theoretical studies were performed in the last few years [6] [7] [8] on GaSb to study the mechanism of pillar formation, including x-ray photoelectron spectroscopy (XPS) of irradiated GaSb. 10 The in situ XPS studies by ElAtwani et al. 10 demonstrated the removal of Ga 2 O 3 and Sb 2 O 3 surface during low energy (100 eV) Arþ irradiation of GaSb surfaces. The removal of Sb 2 O 3 was shown to occur at an irradiation fluence of 1 Â 10 16 cm À2 , while Ga 2 O 3 was removed at a much higher fluence (over 7 Â 10 16 cm À2 ). Recent modeling studies suggest that surface composition plays a crucial role in surface nanopatterning of GaSb. 6, 7, 9, 10 Recent work by Le Roy et al. 8, 11 suggested that Ga segregation to the surface occurs during early stage ion irradiation (fluences of about 5 Â 10 16 cm À2 ) with accumulated Ga atoms at the surface acting as a mask, which enhances the Sb preferential sputtering. 12, 13 This process was claimed to drive the growth of the observed high-aspect ratio nanostructures. Earlier studies by Yu et al. conjectured 14 that if a native oxide is present, the surface Ga fraction (defined as: C Ga /(C Ga þ C Sb )) is enhanced (e.g., >80%) at the amorphous zone (top few ML) during early stages of irradiation. The preferential reaction of gallium with oxygen and gallium segregation to the surface could be attributed to the strong affinity of Ga to oxygen (e.g., Ga 2 O 3 (À238 Kcal/mol) and Sb 2 O 5 (À198.2 Kcal/mol) 14 ) compared with Sb atoms. 15 In addition, the spontaneous reaction of Sb 2 O 3 with GaSb 16 (e.g., DG ¼ À12 Kcal/mol) 17 could also be attributed to the preferential reaction of gallium with oxygen in the amorphous layer. Furthermore, recent work by El-Atwani et al. 18 also demonstrated that exposure of irradiated GaSb to air can lead to enhanced Ga fractions at the surface. This work examines the effect of the native oxide layer on the surface Ga concentration during early stages of irradiation (fluences of 1 Â 10 15 cm À2 to 5 Â 10 16 cm
) and on the ion fluence threshold to induce nanopatterning at low-energy ion-beam irradiation. It also demonstrates Ga preferential reaction with oxygen and its segregation to the surface of samples exposed to air following irradiation.
Two main experiments were done in this work. In the first experiment, in situ XPS and low energy ion scattering spectroscopy (LEISS) were performed as a function of fluence (1 Â 10 15 cm À2 to 5 Â 10 17 cm
) during 100 eV Arþ irradiation of a sample with (labeled: OS) and a sample without (labeled: OF) native oxides. The irradiation was performed at a dose rate of 8 Â 10 13 cm À2 s À1 . Both samples were irradiated and characterized in situ without any exposure to air. Scanning electron microscopy (SEM) morphology characterizations were performed on similar samples irradiated at different fluences. In the second experiment, in situ XPS and LEISS were performed as a function of fluence (1 Â 10 16 cm À2 to 1 Â 10 18 cm
) during Arþ irradiation of an OS sample at 1000 eV and a dose rate of 2 Â 10 14 cm À2 s
À1
. This sample is characterized in situ (labeled: in situ) at five different fluences. Five different OS samples are also irradiated to the same fluences as the in situ sample, but these samples were exposed to atmosphere following irradiation (labeled: ex situ). XPS, LEISS, and SEM (ex situ) were then performed on the ex situ samples. The second experiment is to show that the amorphous zone of the irradiated GaSb surface is quickly oxidized and care must be taken in compositional analysis of the surface.
The OF sample was obtained by etching with 3:1 hydrochloric acid-methanol, reported to produce a <1.7 nm native oxide. 19, 20 Following etching for 5-10 min, the GaSb sample was placed in a beaker of pure methanol, and transferred into the chamber with argon purging to prevent air exposure. For quantification of the XPS and LEISS spectra, CasaXPS and IGOR Pro v.6 softwares were used, respectively. The spectra were converted into Ga surface fractions according to the following formula:
where A Ga and A Sb are the areas under the curves of Ga and Sb, respectively; and r Ga and r Sb are the laboratory crosssections of Ga and Sb, respectively. First, we discuss the stoichiometries prior to irradiation of the OS and the OF samples. Before irradiation, the surface Ga fraction measured for the OS sample was 54% in the first monolayer (LEISS) and 59% in the first 8-nm (XPS). The OF sample, on the other hand, showed a homogenous surface Ga fraction of 48% for both the first monolayer and the first 8-nm as determined by LEISS and XPS, respectively ( Figures 1 and 2(c) ). In the OS sample, 54% of Ga was measured to be in the oxide state while in the OF sample, there were no oxides detected as shown in Figures 1 and 2(c) .
When the OS sample is irradiated initially (e.g., $10 15 cm
À2
), an enhanced amount of Ga is measured at the surface. This is evidenced in two pieces of data. In Figure 1 , the LEISS spectra show results for the "as-is" OS sample before and after irradiation. Two distinct features are observed from the LEISS spectra. The first is a low-energy scattered peak associated with oxygen near 590 eV and the second is the enhanced relative peak of Ga near 1220 eV, which increases after irradiation (even after accounting for the cross section of He scattering from Ga atoms). In Figures 2(a) and 2(b), the XPS spectra for the OS sample show the oxide phase of Ga depicted by the Ga3d peak even after irradiation to a fluence of 1 Â 10 16 cm
. On the other hand, Sb oxide phase was present in the OS sample prior to irradiation, but was completely removed from the sample at 1 Â 10 16 cm À2 (Figures 2(a) and 2(b)). Analyses of both sets of data summarized in Figure 3 conclude that the surface Ga fraction is 90% from LEISS data (top ML or amorphous zone) and 65% over 8-nm in depth from XPS data. Fifty-four per cent of the XPS-derived fraction was in the oxide form.
The OF sample, however, did not display the same increase in the surface Ga fraction during early stage fluence. Compare, for example, the results in Figures 1, 2 (c), and 2(d), where no evidence of an oxide phase is found for either pre or post-irradiation in the fluence range studied and discussed above. Instead, the surface Ga fraction in the first 8 nm, determined by XPS, remained around 52% during the complete irradiation process as presented in Figure 3 . The amorphous layer, however, showed an increase of Ga to 57% at 1 Â 10 16 cm À2 and then decreased with time to about 50% at 1 Â 10 17 cm À2 . These results suggest that in the case of the OS sample, the enhanced increase in the surface Ga fraction in the amorphous zone (e.g., measured by LEISS) is associated with the native oxide layer.
Not only does the native oxide layer affect the surface Ga fraction during early stage irradiation of GaSb surfaces, but it also affects the fluence threshold for nanopatterning. Figure 4 shows the SEM images of the two samples (OS and OF) at different fluences irradiated with 100 eV Ar þ . While the OS sample was still non-structured at a fluence of 5 Â 10 16 cm À2 (Figure 4(a) ), the OF sample was uniformly structured at a fluence of 2 Â 10 16 cm À2 (Figure 4(c) ). The irradiation for the OS sample had to reach 7.5 Â 10 16 cm À2 (Figure 4(b) ) to result in nanopatterning. This key result shows that removing the oxygen layer from the surface is crucial to obtain patterning at very low energies (e.g., <100 eV) where oxygen sputters less than gallium and antimony 21 and the feature size of the nanopatterned dots is minimized. Without chemically removing the native oxide higher fluences are required, almost by a factor of 4, as evidenced in this work.
The role of the native oxide layer on GaSb nanopatterning is less critical at higher energies; however, oxides can impact interpretation of post-irradiation ex situ compositional analysis. Since oxygen is sputtered very rapidly at higher energies (>100 eV), the oxide phases of Ga and Sb are nearly absent at very low irradiation fluences. SEM images of OS and OF samples irradiated at high energies (e.g., 1000 eV) showed no effect of the native oxide on the nanostructures formed or the fluence threshold of nanostructure formation. However, exposing a structured sample, formed by irradiating an OS sample with 1000 eV Arþ ( Figure 5(a) ), to air changes the surface Ga fraction significantly, and this can have important implications in post-irradiation compositional analysis of irradiated GaSb surfaces. This is better illustrated in Figure  5 (b), where the in situ and the ex situ surface Ga fractions and the ex situ surface Ga 2 O 3 fraction (C Ga2O3 /C Ga2O3 þ C Sb2O5 ) values, as determined from the LEISS and XPS spectra, are plotted. From the surface Ga 2 O 3 fraction graph, the values of surface Ga 2 O 3 fraction demonstrate that more Ga was oxidized than Sb. The graph also matches the ex situ values of surface Ga fraction, verifying that the higher surface Ga fraction values of the ex situ samples are due to the preferential reaction of Ga with oxygen. In addition, the ex situ LEISS results demonstrate clearly that the gallium oxide phase and its abundance at the surface are correlated to air exposure.
In conclusion, the native oxide on GaSb surfaces increases the fluence threshold for nanopatterning by almost a factor of four for low-energy cases (e.g., 100 eV). The surface Ga fraction obtained from XPS and LEISS analyses of GaSb irradiated surfaces under in situ and ex situ conditions shows that Ga reacts with oxygen preferentially. XPS results of samples exposed to air show surface Ga fractions up to 15% higher than in situ characterized samples. The magnitude of .
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